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ABSTRACT
We have obtained IRTF/SpeX spectra of eight moderate-redshift (z = 0.7 − 2.4),
radio-selected (logR∗ ≈ 0.4− 1.9) broad absorption line (BAL) quasars. The spectra
cover the rest-frame optical band. We compare the optical properties of these quasars
to those of canonically radio-quiet (logR∗ . 1) BAL quasars at similar redshifts and to
low-redshift quasars from the Palomar-Green catalog. As with previous studies of BAL
quasars, we find that [O iii] λ5007 is weak, and optical Fe ii emission is strong, a rare
combination in canonically radio-loud (logR∗ & 1) quasars. With our measurements of
the optical properties, particularly the Balmer emission line widths and the continuum
luminosity, we have used empirical scaling relations to estimate black hole masses and
Eddington ratios. These lie in the range (0.4− 2.6)× 109M⊙ and 0.1–0.9, respectively.
Despite their comparatively extreme radio properties relative to most BAL quasars,
their optical properties are quite consistent with those of radio-quiet BAL quasars
and dissimilar to those of radio-loud non-BAL quasars. While BAL quasars generally
appear to have low values of [O iii] λ5007/Fe ii an extreme of “Eigenvector 1”, the
Balmer line widths and Eddington ratios do not appear to significantly differ from
those of unabsorbed quasars at similar redshifts and luminosities.
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1 INTRODUCTION
In the past decade or so, a new class of AGN – radio-selected,
broad absorption line (BAL) quasars – has brought new in-
sights into the structure of quasars and quasar outflows. The
deep images of the Faint Images of the Radio Sky at Twenty-
Centimeters survey (FIRST; Becker et al. 1995) and the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) led
to the detection of BAL quasars in sufficient numbers
(e.g., Gregg et al. 1996; Becker et al. 1997; Brotherton et al.
1998; White et al. 2000; Becker et al. 2000, 2001) that tech-
niques for gauging orientation from radio properties (such
as morphology, core-dominance, and spectral index) could
be used test ideas about the structure of quasar outflows.
Becker et al. (2000) reported that radio-selected BAL
quasars had radio morphologies consistent with the en-
tire range of viewing angles of Type 1 quasars (those
exhibiting broad emission lines). A comparison of the
radio spectral index distributions between BAL and
non-BAL quasars supports this finding (Becker et al.
2000; Montenegro-Montes et al. 2008; Fine et al. 2011;
DiPompeo et al. 2011). Spectral index is a useful ensemble
⋆ E-mail: jrunnoe@uwyo.edu
orientation indicator, as sources seen closer to the jet axis are
dominated by radio core emission and will have flatter spec-
tra than those seen more “edge-on” that are dominated by
radio lobe emission. Modeling spectral index distributions
showed that while the likelihood of seeing a BAL increases
at the largest inclinations, BAL outflows are found at a wide
range of sight lines (DiPompeo et al. 2012). Studies of the
optical/ultraviolet polarization have been used to argue for
an edge-on orientation for BAL quasars, but when combined
with radio information it is apparent that the situation is
much more complex (DiPompeo et al. 2010, 2013). Further-
more other results, such as the dependence of BAL fraction
on redshift (Allen et al. 2011), suggest an evolutionary as-
pect to the BAL phenomenon. Shankar et al. (2008) use the
dependence of radio power on BAL strength to argue that
no single model (orientation or evolution) is sufficient to ex-
plain the class. All of these results continue to challenge the
view that BAL quasars are simply “normal” Type 1 quasars
seen at large viewing angles.
Since most, if not all, BAL quasars prior to FIRST and
NVSS were radio-quiet (e.g., Stocke et al. 1992), it seems
reasonable to ask the question whether these radio-selected
BAL quasars are special in some way, different than their
radio-quiet kin, and hence should be interpreted separately.
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We note here that, while the BAL quasars from FIRST are
radio-selected, most are not radio-loud by canonical mea-
sures (e.g., radio-to-optical flux ratios, Kellermann et al.
1994). Moreover, the higher levels of extinction of the opti-
cal flux typically found in BAL quasars and beaming of the
radio flux may mean that some of these radio-selected BAL
quasars are in reality intrinsically radio-quiet. Nevertheless,
the question remains: are radio-selected BAL quasars more
like other BAL quasars that happen to be detected in the
radio, or are they more like radio-loud quasars that happen
to have high velocity outflows?
Clues to possible distinctions between radio-selected
BAL quasars and radio-quiet BAL quasars have been
looked for both in the X-ray (e.g., Brotherton et al.
2005; Miller et al. 2009) and with spectropolarimetry
(e.g., Brotherton et al. 1997, 2006; DiPompeo et al. 2010).
DiPompeo et al. (2012) find that radio-selected BAL and
non-BAL quasars have the same similarities and differences
in rest-frame ultraviolet spectral properties as radio-quiet
BAL versus non-BAL sources (e.g., Weymann et al. 1991).
Here, we add more fuel to this discussion in presenting rest-
frame optical spectra of a sample of radio-selected BAL
quasars.
In presenting and discussing the optical properties of
radio-selected BAL quasars from an observational view-
point, we couch our analysis in the context of the
Boroson & Green (1992) Eigenvector 1. Boroson & Green
(1992) used principal component analysis to parameterize
a variety of optical spectral measurements of a complete
sample of z < 0.5 quasars from the Palomar-Green sur-
vey into perpendicular eigenvectors that account for the
largest amount of variance between quasar spectra. The
strongest set of relationships involves the strength of op-
tical Fe ii broad emission lines, the strength of narrow
[O iii] λ5007 emission, and the width and asymmtery of
the broad Hβ emission line. In short, the strongest varia-
tions in optical quasar spectra describe the change in ob-
jects with weak Fe ii, strong [O iii] λ5007, and broad Hβ
to objects with strong Fe ii, weak [O iii] λ5007, and narrow
Hβ with strong blue wings. This set of relationships is collec-
tively termed “Eigenvector 1” (hereafter EV1) and is also re-
lated to properties in other wavebands. Notably, radio-quiet
quasars and BALs tend to sit at the end of EV1 with small
EW([O iii] λ5007/Fe ii), while the radio-loud quasars tend
to sit at the other end with large EW([O iii] λ5007/Fe ii).
The physical driver of EV1 remains elusive, although the
Eddington ratio may play a role (Boroson 2002). In the
Boroson & Green (1992) analysis, Eigenvector 2, which is
primarily driven by luminosity, and later Eigenvectors de-
scribe second order effects in quasar spectra and are less
interesting in the context of RL BALs.
Observationally, the handful of radio-quiet broad-
absorption line (BAL) quasars from the z < 0.5 Palomar-
Green catalog all preferentially appear at the extreme radio-
quiet end of EV1 (weak [O iii], strong Fe ii, narrow Hβ). At
higher redshift, McIntosh et al. (1999) finds the same behav-
ior where radio-quiet and BAL objects sit on the opposite
end of EV1 from radio-loud objects. Yuan & Wills (2003)
(hereafter YW) investigated the properties of more luminous
radio-quiet BAL quasars at z ∼ 2, finding that they also
display extreme [O iii] and optical Fe ii but not extreme Hβ
widths. Furthermore, Ganguly et al. (2007) have shown that
z = 1.7 − 2 BAL quasars are not extreme Eddington ratio
objects, at least not in comparison to other luminous quasars
at those redshifts. Both YW and Ganguly et al. (2007) have
proposed that, while Eddington ratio may be important to
EV1 at low redshifts, other factors like absolute fuelling rate
and environmental factors may play a role at higher redshifts
and luminosities, and the relationships of EV1 may change.
Given the extremely different spectral characteristics
of RL and BAL quasars, our primary goal is to determine
whether radio-selected BAL quasars are more “BAL-like” or
more “RL-like” in their optical properties. We further inves-
tigate the implications of the behavior of radio-selected BAL
optical properties for the bigger picture of BAL orientations
and accretion physics, expressed in terms of EV1.
This makes RL BALs particularly interesting in terms
of EV1, since they cannot simultaneously have large and
small values of EW([O iii] λ5007/Fe ii).
In §2, we describe our sample, and present our IRTF
data. In §3, we detail the measurements made and physi-
cal quantities inferred from those measurements. In addi-
tion, we compute a composite optical spectrum of radio-
selected BAL quasars. In §4, we discuss the implications
of our results both for quasar outflow geometry and for
the interpretation of EV1, and we summarize our findings
in §5. Throughout this paper, we adopt a cosmology with
H0 = 71 km s
−1Mpc−1, ΩΛ = 0.73, and Ωm = 0.27.
2 DATA
2.1 Observations
Our sample is a subset of the radio-selected BAL quasars
from the FIRST Bright Quasar Survey from Becker et al.
(2000). The parent sample contains 29 quasars that are
simultaneously blue, starlike sources and detected in the
FIRST radio survey. The observed subset of the parent sam-
ple was determined by taking high priority objects where
Hα and Hβ were well-placed in the available wave bands
before bad weather prevented further data collection. Some
general information on these targets is listed in Table 1 in-
cluding radio properties. BAL properties from Becker et al.
(2000) are summarized in Table 2. We observed eight of the
brightest objects from this sample that also had redshifts
putting optical emission lines into observable near-infrared
windows. We made our observations over 27-28 Apr 2001
with the SpeX (Rayner et al. 2003) instrument at the NASA
Infrared Telescope Facility (IRTF) covering the wavelength
range 0.8–2.4 µm. We employed a 0.′′8 slit, and individual
exposure times of 120s to avoid saturating the detector with
background photons. Total exposure times are listed in Ta-
ble 3. Nearly all observations were carried out with a posi-
tion angle of 90◦. Q 1044 + 3656 was observed at a position
angle of 155◦.
We note that the BAL properties of the quasar 1408 +
3054 are known to vary, with the UV iron absorption disap-
pearing from the spectrum over a period of years (Hall et al.
2011). Though it is listed as a low-ionization BAL (LoBAL)
by Becker et al. (2000), it is likely that it was in an iron low-
ionization BAL (FeLoBAL) state at the time that our obser-
vations were made. Spectra taken in 2000 and 2001, near the
time of our observations, are presented in Hall et al. (2011)
c© 2012 RAS, MNRAS 000, 1–??
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Table 1. Quasar general properties
Magnitudes log Lν(5Ghz) Avc
Object z J H Ks MB (erg s
−1 Hz−1) log R∗a αb (mags) Redshift
0809+2753 17.34 16.25 15.65 15.55 −27.7 31.9 0.4 · · · 0.00 1.511
1031+3953 18.01 · · · · · · · · · −25.7 31.9 1.11 −0.2 0.00 1.082
1044+3656 16.59 15.55 15.16 14.34 −26.0 32.1 1.29 −0.5 0.21 0.701
1312+2319 17.17 16.27 15.45 15.41 −27.4 33.3 1.88 −0.8 0.00 1.508
1324+2452 17.79 16.80 15.96 15.45 −27.5 32.7 1.31 −0.7 · · · 2.357
1408+3054 17.21 16.10 15.65 15.00 −24.6 31.6 1.28 −0.7 0.21 0.842
1427+2709 17.96 · · · · · · · · · −25.5 31.9 1.23 −0.7 0.62 1.170
1523+3914 16.32 15.36 14.88 13.87 −26.0 31.5 0.66 −0.4 0.40 0.657
Note − Information for columns 6–10 was taken from Table 1 and 2 of Becker et al. (2000), corrected for a
Ho = 71 km s−1Mpc−1, ΩΛ = 0.73, and Ωm = 0.27 cosmology.
a The radio-loudness parameter, R*, is the ratio of the 5GHz radio flux density to the 2500 A˚ optical flux
density in the quasar rest-frame.
b Spectral index (Fν ∼ να) in the radio band between 3.6 cm and 20 cm.
c V -band reddening calculated in DiPompeo et al. (2013).
Table 3. IRTF/SpeX Observation Log
Object R.A. Decl. Date Exposure Time
(J2000.0) (J2000.0) (s)
0809+2753 08 09 01.332 +27 53 41.67 2001 April 28 5640
1031+3953 10 31 10.647 +39 53 22.81 2001 April 28 7200
1044+3656 10 44 59.591 +36 56 05.39 2001 April 27 3840
1312+2319 13 12 13.560 +23 19 58.51 2001 April 27 7440
1324+2452 13 24 22.536 +24 52 22.25 2001 April 28 7200
1408+3054 14 08 06.207 +30 54 48.67 2001 April 28 2400
1427+2709 14 27 03.637 +27 09 40.29 2001 April 27 6000
1523+3914 15 23 50.435 +39 14 04.83 2001 April 27 1200
2001 April 28 2400
Note − In all cases, exposure times were broken up into 120 s segments to avoid
background saturation.
Table 2. BAL Properties
Object BALnicity vmax BAL Class
0809+2753 7000 27400 HiBAL
1031+3953 20 5900 LoBAL
1044+3656 400 6600 FeLoBAL
1312+2319 1400 25000 HiBAL
1324+2452 1300 6900 LoBAL
1408+3054 4800 22000 LoBAL
1427+2709 30 5900 FeLoBAL
1523+3914 3700 19000 LoBAL
Note − All information is taken from Table 1 of
Becker et al. (2000). vmax is in units of km s−1.
and DiPompeo et al. (2010), respectively. In both cases the
UV Fe ii absorption is significant.
2.2 Data reduction
We extracted the IRTF/SpeX spectra using the IDL-based
Spextool software version 2.1 (Cushing et al. 2004). The
apertures of different orders were located and traced using
an internal template that is specific to the IRTF/SpeX in-
strument. The background is also fitted and subtracted. In
cases where the target was too faint and the Spextool al-
gorithm had difficulty in finding and tracing the apertures,
we used the fitted aperture trace function from a close-by
atmospheric star as a template to extract the spectral data
from the target frame.
Spextool also performs wavelength calibration. The tar-
get frame extraction parameters were used as templates to
extract spectra from the calibration lamp frames. We re-
viewed the line identification on the calibration frames, fit a
dispersion curve, and then applied the wavelength solution
to the target spectra.
For relative flux calibration within orders and in be-
tween orders, we assumed that both the quasar spectra and
the F or G standard star spectra were affected by the same
atmospheric absorption and detector response functions. We
divided the observed quasar spectra by appropriate standard
star spectra to remove the effect of the telluric absorption
and response functions (Vacca et al. 2003). Then we multi-
plied the result with the assumed black body spectrum of
the standard star to get the relative flux density spectrum
c© 2012 RAS, MNRAS 000, 1–??
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of the target quasar. Possible source of uncertainties in this
step are as follows.
• The removal of stellar absorption lines from the stan-
dard star, especially in the atmosphere absorbed parts of the
spectrum, might be incomplete. Since the absorption lines
in F and G stars are very weak and their peak intensity
is less than 5% of the continuum level in most cases, this
only produces <5% spikes in the noisy regions of the final
spectrum.
• The F and G standard star intrinsic continuum shapes
are not perfect blackbodies. This introduces about a 2−3%
of error in the continuum shape.
For each IRTF/SpeX object, we combined spectra of
different orders to form a 1-D continuous spectrum. We ver-
ified that the regions with overlapping wavelengths agreed
with each other within 3σ of the noise. In those overlapping
spectral regions, we calculated average values of the flux for
the combined spectrum. As expected, the combined spectra
showed very high noise levels outside the traditional atmo-
spheric windows.
To carry out absolute flux calibration, we matched the
observed count rate in the band containing the Hα emission
line (where we usually have the most signal) to the corre-
sponding J, H, or Ks 2MASS magnitudes (Skrutskie et al.
2006). In two cases, Q 1031 + 3953 and Q1427 + 2709, we
used the Sloan z magnitude (e.g., Schneider et al. 2007;
Fukugita et al. 1996) as the quasars were not detected by
2MASS. There was sufficient overlap between the Sloan z
bandbass and the blue side of the SpeX spectrum to do so.
The IRTF/SpeX spectra are shown in Figure 1. For
rest-frame UV spectra for all but one of these objects, see
DiPompeo et al. (2010) or Becker et al. (2000, 2001).
3 ANALYSIS
3.1 Spectral fitting and derived parameters
Our primary goal is to make measurements of the rest-
frame optical continuum and emission-lines present in the
SpeX spectra. We use the IRAF1 package specfit (Kriss
1994) to carry out these measurements. We model the opti-
cal spectrum as a power-law continuum, with superimposed
Gaussians for the [O iii] λ4959, 5007, Hα, and Hβ emis-
sion lines, and the Fe ii emission-line template from I Zw
1 (Boroson & Green 1992). We do not attribute physical
meaning to the Gaussians, but merely use them to reproduce
and characterize the emission lines. For the [O iii] emission
lines, we use two Gaussians, one for each component of the
doublet; we use two Gaussians (both generally broad with
> 2500 km s−1) to reproduce the Hα and Hβ emission lines.
All objects in this sample have extremely weak contribu-
tions from the narrow line region, so we do not include such
a component in the Hβ fit. Similarly, the [N ii] emission that
often flanks the Hα emission in AGN is not readily seen in
our spectra and we do not include it in our fitting model.
1 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
Our fits are shown in Fig. 1, and the measurements are listed
in Tables 4 and 5. When more than one Gaussian was used
for a line fit, the parameters listed in these tables are for the
combined line profile. Note that the Hβ emission in these
objects is relatively weak and in most cases, the H β fits are
more uncertain than the formal errors indicate. We include
them here for completeness and because they are not inde-
pendent of the other fit components, but we generally use
Hα for making physical calculations.
We have not included intrinsic reddening in our fits.
The objects in this sample are all UV-selected, implying
that they cannot have significant reddening at UV wave-
lengths. This is confirmed by the estimates of reddening
available from DiPompeo et al. (2013) for all but one of the
objects that are listed in Table 1. Briefly, these values are
estimated by determining by eye the amount of reddening
required to match each object’s spectrum to the compos-
ite spectrum of all FIRST Bright Quasar Survey (FBQS)
quasars (White et al. 2000; Brotherton et al. 2001) using a
Small Magellanic Cloud extinction curve. A more detailed
description is available in DiPompeo et al. (2013). The ma-
jority of our sample demonstrates insignificant reddening in
the V band, and in all cases the optical reddening at 5100
A˚ should be negligible.
Formal errors on the fit parameters are calculated fol-
lowing the method of DiPompeo et al. (2012). We created
synthetic spectra of each object by calculating the noise in
each spectrum between 5090 and 5110 A˚ and then added
random Gaussian noise consistent with this estimate to the
best-fitting model. We then fit the synthetic spectra and
calculated spectral parameters following the procedure de-
scribed above. This process is repeated 50 times per object
and the standard deviation of each fit parameter is taken
as the uncertainty. We stress that these errors are the for-
mal uncertainties obtained from this fitting procedure but
following another fitting procedure may yield results that
differ from ours by more than these errors. In fact, partic-
ularly for [O iii] and Hβ emission which is often weak and
located in a spectral region with greater noise, the formal
errors likely underestimate the true uncertainty.
All of the spectra have well-detected Hα except one,
Q1031 + 3953, where the Hα emission is buried in the at-
mospheric absorption. The Hβ emission line is detected in
all of the spectra except for Q1523 + 3914, where the cov-
erage cuts off at wavelengths longer than H β. The spectra
are often noisy in the Hβ wavelength regime and the Hβ
emission is much more difficult to resolve than the stronger
Hα emission. The formal errors on the fit parameters for
Hβ are generally small but measurements made via other
fitting procedures may yield results inconsistent with ours
even with the errors. Thus, we rather calculate physical pa-
rameters from the Hα emission line whenever possible.
Given our choice to compute physical parameters from
the Hα emission line, the calculation of physical parame-
ters for this sample becomes somewhat non-standard so we
describe it in detail below. In order to compare to other
samples we employ the Hα - Hβ FWHM relation from
Shen et al. (2011):
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Figure 1. Rest-frame optical spectra of objects in our sample. IRTF/SpeX spectra have been flux-calibrated to either 2MASS or SDSS
photometry. Data are shown as a gray histogram. Superimposed on on the data is the total fit from our specfit model (red), and the
individual components of that model (orange: power-law continuum; green: Fe ii template; yellow: Balmer emission-line components;
blue: [O iii] emission-line components) which are given arbitrary normalizations to help visualize the fit..
log
(
FWHM(Hβ)
103km s−1
)
= (−0.11± 0.03) + (1.05± 0.01)
× log
(
FWHM(Hα)
103km s−1
)
. (1)
The Hα emission line FWHM is estimated from the sum
of the two Gaussian components. The resulting Hβ FWHM
are listed in Table 6 (column 2). We draw attention to the
fact that the values of FWHM for Hβ measured from the
spectra are systematically larger than the calculated ones. In
the presence of strong Fe ii emission, as is common in BALs,
and weak Hβ emission in low signal-to-noise spectra, the
fitting method that we employ will often create very broad
Hβ in order to bury the Hβ emission in the Fe ii and the
noise. We take the broad measured values of Hβ FWHM
c© 2012 RAS, MNRAS 000, 1–
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Table 4. Spectral parameters of optical Fe ii blend and [O iii]
Power Law Optical Fe ii [O iii] λ5007, λ4959a
Object Redshift f1000 α Scale FWHM Flux FWHM Centroid
0809+2753 1.511 12.70 ± 0.02 1.36 ± 0.01 0.258 ± 0.023 3478 ± 780 3.05 ± 0.09 791 ± 7 5013 ± 0.02
1031+3953 1.082 11.70 ± 0.29 1.35 ± 0.01 0.288 ± 0.016 9000 4.09 ± 0.09 1730 ± 1 5000 ± 0.06
1044+3656 0.701 5.63 ± 0.04 1.51 ± 0.01 0.094 ± 0.003 2672 ± 18 · · · · · · · · ·
1312+2319 1.508 3.18 ± 0.12 1.43 ± 0.02 0.091 ± 0.003 3958 ± 114 0.04 ± 0.06 1029 ± 10 5010 ± 0.14
1324+2452 2.357 0.99 ± 0.04 1.60 ± 0.02 0.002 ± 0.001 2777 ± 47 0.89 ± 0.12 2025 ± 317 5000
1408+3054 0.842 3.74 ± 0.26 1.46 ± 0.04 0.128 ± 0.012 2505 ± 117 · · · · · · · · ·
1427+2709 1.170 2.85 ± 0.05 1.58 ± 0.02 0.017 ± 0.005 1000 3.42 ± 2.79 3957 ± 779 5007 ± 0.93
1523+3914 0.657 0.21 ± 0.01 0.63 ± 0.01 0.056 ± 0.004 7678 ± 2 · · · · · · · · ·
Composite · · · 17.90 ± 0.45 1.63 ± 0.01 0.233 ± 0.008 2474 ± 1 0.65 ± 0.85 852 ± 22 5006 ± 0.09
FBQS Composite · · · 0.78 ± 0.01 0.12 ± 0.01 0.069 ± 0.001 3786 ± 57 32.83 ± 0.06 739 ± 1 5006 ± 0.01
PG Composite · · · 15.38 ± 0.13 1.64 ± 0.00 0.194 ± 0.001 3602 ± 57 4.18 ± 0.08 811 ± 19 5006 ± 0.15
Note − The power law is given as f1000 ∼ λ−α, with flux density units 10−16 erg cm−2 s−1 A˚−1. For the emission-line components, we
list the integrated flux (in 10−16 erg cm−2 s−1), the centroid (in A˚), and the full-width at half maximum (in km s−1) of the combined
line profile. For the Fe ii template, the flux listed is relative to the strength of the I Zw1 Fe ii emission. When no values are reported
for a given component, that component was not used in the fit. When no errors are reported for a given component, that component
reached a limit and became fixed in the fit. We report the redshift as determined by the centroid of the total Hα line. In the case of
Q 1031 + 3953, where the Hα is not covered, we use the [O iii] λ5007 line. All wavelengths are reported relative to our optically-based
redshift. The optically-based redshift is also employed in the construction of the composite.
a The [O iii] doublet was fit with two Gaussian components. The λ4959 component has the listed flux and FWHM with a centroid of
0.9904272 times the λ5007 centroid.
Table 5. Spectral parameters of Hα and Hβ
Hβ a Hα
Object Redshift Flux FWHM Centroid Flux FWHM Centroid
0809+2753 1.511 71.92 ± 0.15 4780 ± 1 4862 ± 2.14 398.69 ± 0.01 3989 ± 1 6563 ± 0.35
1031+3953 1.082 46.83 ± 0.09 2913 ± 1 4853 ± 0.09 · · · · · · · · ·
1044+3656 0.701 82.46 ± 0.64 4381 ± 43 4871 ± 0.66 110.49 ± 0.54 3115 ± 7 6574 ± 0.33
1312+2319 1.508 18.76 ± 1.23 5973 ± 186 4857 ± 1.60 61.83 ± 0.36 3362 ± 9 6569 ± 0.18
1324+2452 2.357 2.50 ± 0.15 3619 ± 473 4873 ± 1.54 15.19 ± 0.10 4044 ± 37 6566 ± 0.07
1408+3054 0.842 16.52 ± 8.59 7731 ± 5510 4867 ± 14.08 80.86 ± 0.48 4650 ± 36 6590 ± 0.14
1427+2709 1.170 4.29 ± 2.08 4977 ± 1 4863 ± 6.97 48.05 ± 2.57 3063 ± 729 6550 ± 2.82
1523+3914 0.657 · · · · · · · · · 30.61 ± 0.56 2533 ± 31 6575 ± 0.39
Composite · · · 47.27 ± 1.03 4803 ± 55 4860 ± 1.22 280.05 ± 1.71 3672 ± 25 6566 ± 0.73
FBQS Composite · · · 65.99 ± 0.67 6819 ± 458 4864 ± 0.58 230.71 ± 0.28 4927 ± 10 6564 ± 0.04
PG Composite · · · 59.80 ± 0.36 3068 ± 30 4861 ± 0.15 · · · · · · · · ·
Note − Measurements are reported in the same way as in Table 4.
a Fits to H β are more uncertain than the formal errors in most cases, but we report them because they are not independent of the
other spectral components. These values are not used for calculating physical properties except in the case of 1031+3953 where Hα is
absent and the Hβ fit is acceptable.
as evidence that this is occurring in our fitting, at least to
some extent, and confirm out choice to measure physical
parameters from the Hα emission line.
For black hole mass estimates and also Eddington ra-
tios, there are robust mass scaling relationships based on
the Hα line. Greene & Ho (2005) and Greene et al. (2010)
provide scaling relations for the FWHM of Hα and LHα and
λLλ (5100 A˚), respectively. All mass scaling relationships
are the result of reverberation mapping, for which Hβ has
the most results. Thus, the Hα scaling relationships are built
by deriving a conversion between the FWHM of Hβ and the
FWHM of Hα, similar to Equation 1. When LHα is used, it
is calculated from λLλ (5100 A˚). We have chosen to use the
more recent conversion from Shen et al. (2011) for calculat-
ing FWHM and avoid a second conversion to get the Hα
luminosity. We are also motivated to use an H β black hole
mass scaling relationship by Figure 2; we present that figure
in terms of Hβ because it is a more common measurement
in the literature, so we are therefore constrained to use an
Hβ black hole mass scaling relationship in order to be con-
sistent with the lines of constant black hole mass drawn in
the figure. With Hβ parameters thus in hand, we use the
Vestergaard & Peterson (2006) relation using the luminosity
at 5100 A˚ and the Hβ FWHM calculated from Equation 1:
c© 2012 RAS, MNRAS 000, 1–??
Rest-frame optical properties of RL BALs 7
log(MBH) = log
{[
FWHM(Hβ)
1000 km s−1
]2 [
λLλ(5100A˚)
1044 ergs s−1
]0.5}
+(6.91± 0.02). (2)
We calculate the correction to the scaling relationship
for cosmology and find that it is negligible. Our black hole
mass estimates are listed in Table 6 (column 3). For Ed-
dington luminosity estimates, we use the relation LEdd =
1.51 × 1038(M/M⊙) erg s
−1 (Krolik 1999).
We estimate the bolometric luminosity of our objects
by correcting the continuum luminosity at rest-frame 5100 A˚
following Runnoe et al. (2012).
log(Lbol) = (4.891± 1.657) + (0.912 ± 0.037) log(λLλ) (3)
These bolometric luminosity estimates as well as result-
ing estimating of the Eddington ratio are listed in Table 6
(columns 4 and 5).
We compare our sample to the higher-redshift sample
from YW and the lower-redshift Bright Quasar Survey sam-
ple (BQS, Boroson & Green 1992) and Sloan Digital Sky
Survey (SDSS) quasars from Shen et al. (2011). In order to
facilitate the comparison we re-calculate properties of in-
terest for these samples in a consistent way. To calculate
monochromatic luminosity at 5100 A˚ for the YW sample, we
use the measured 3000 A˚ luminosities and a spectral index
of αν = −0.44 (as is typical for quasars in this reshift range;
Vanden Berk et al. 2001). For the BQS sample, we use the
measured 9480 A˚ luminosities and spectral indices from
Neugebauer et al. (1987). Shen et al. (2011) provide a mea-
sure of λLλ(5100 A˚) that we adopt, although their average
correction for host galaxy contamination warrants some dis-
cussion. All of the objects that we include from Shen et al.
(2011) have redshifts less than 0.89, where objects with red-
shifts less than 0.5 are at risk for significant host contamina-
tion. In fact, the source luminosity is the important param-
eter for determining the fractional contribution to emission
from the host galaxy, with low-luminosity sources prone to
significant contamination. Shen et al. (2011) show that for
sources with log λLλ(5100 A˚)<44.5 the host contributes on
the order of a few percent or less of the emission. For our
bolometric correction this corresponds to log(Lbol) . 45.5.
The average host correction employed by Shen et al. (2011)
may not be particularly accurate for individual objects, so
the low-luminosity SDSS points where the host contributed
a significant fraction of the total emission may be much more
uncertain. Finally, to calculate bolometric luminosity in all
samples we applied the bolometric correction in Equation 3.
The fact that our objects are not special in any particu-
lar parameter space is illustrated in Figure 2, where we plot
the Hβ FWHM versus bolometric luminosity (updating YW
Figure 2). We have placed isopleths of black hole mass (using
the relation of Vestergaard & Peterson 2006) and Edding-
ton ratio in the figure. The bolometric luminosities of our
objects lie (mostly) below those of the higher-redshift YW
sample and above the lower-redshift BQS and Shen et al.
(2011) samples, as is completely expected for simple flux-
limited surveys. This figure also clearly shows that neither
radio-selected BAL quasars nor radio-quiet BAL quasars are
exclusively super-accretors with Lbol/LEdd & 1. We discuss
this further below (§4).
Figure 2. We show the Hβ emission-line FWHM versus the bolo-
metric luminosity for several samples of quasars (tiny gray points:
radio-loud Shen et al. (2011); larger black dots: Shen et al. (2011)
BALs; green dots: radio-loud Shen et al. (2011) BALs; blue filled
circles: BQS BALs; blue open circles: radio-loud BQS; yellow
filled squares squares: YW BALs; yellow crosses: radio-loud YW;
filled red triangles: radio-selected BALs from this work). Diago-
nal lines indicates black hole mass and Eddington ratio isopleths
based on the Vestergaard & Peterson (2006) scaling relation. The
bolometric luminosity is computed from the Runnoe et al. (2012)
bolometric correction to the 5100 A˚ luminosity. The properties
of radio-selected BALs do not stand out from the BQS and YW
samples, and they are not super-accretors.
We also consider the equivalent width ratio between the
[O iii] λ5007 emission-line and the optical Fe ii emission-line
complex. We follow the same method as Boroson & Green
(1992) to calculate equivalent widths, taking the integrated
flux of the emission line divided by the continuum flux at
4861 A˚ (the middle of the Hβ emission line). For the Fe ii
flux, we integrate over the wavelength range 4434–4684 A˚.
In Figure 3, we plot the cumulative distributions of the ra-
tio for our sample and two subsamples from BQS (radio-
loud objects and radio-quiet BALs). Note that the BQS
radio-loud objects are typically more radio-loud and cover
a larger range in log(R∗) than our sample. It is clear that
the distribution of ratios for our radio-selected BALs dif-
fer greatly from the radio-loud objects in the BQS (with
mean ratios of 〈EW([O iii])/EW(Fe ii)〉 ≈ 0.1 and 1, re-
spectively, and with only a 0.1% KS probability of being
drawn from the same distribution). On the other hand, the
ratio resembles more the radio-quiet BALs from the BQS
(〈EW([O iii])/EW(Fe ii)〉 ≈ 0.03), with a KS probability of
74% of being drawn from the same parent distribution. The
equivalent width ratio of [O iii] to Fe ii is essentially an esti-
mate of an objects location on EV1, so this result supports
the conclusion that RL BALs are more “BAL-like” than
“RL-like”.
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Table 6. Calculated BAL QSO properties
Object FWHM(Hβ)calc
a log(MBH ) log(Lbol) Lbol/Ledd EW([O iii] λ5007)
b EW(Fe ii)b EW([O iii]/Fe ii)
km s−1 M⊙ ergs s−1 A˚ A˚
0809+2753 4688 9.27 46.87 0.266 0.77±0.07 10.98±0.08 0.07
1031+3953 2913 9.02 47.17 0.944 1.15±0.09 92.0±1.0 0.01
1044+3656 3615 8.87 46.57 0.325 <2.0 44.90±0.10 <0.05
1312+2319 3916 9.23 47.08 0.473 <0.64 143.90±0.30 <0.04
1324+2452 4755 9.42 47.13 0.339 3.3±0.3 11.80±0.20 0.28
1408+3054 5507 9.18 46.45 0.124 <5.0 256.0±2.0 <0.02
1427+2709 3552 8.86 46.57 0.340 7.0±1.0 42.8±0.8 0.17
1523+3914 2909 8.63 46.47 0.456 <24.0 61.64±0.05 <0.38
a This value of FWHM(H β) is calculated from FWHM(Hα) via the prescription of Shen et al. (2011). This is the value used to
calculate black hole mass.
b Quoted equivalent widths are the integrated line flux (see text for Fe ii) divided by the continuum flux at 4861 A˚, as given by the
power-law fit in Table 5.
Figure 3.We show the cumulative probability distribution of the
EW([O iii])/EW(Fe ii) equivalent-width ratio for three samples:
our sample of radio-selected BAL quasars (bold solid line); 17 low-
redshift radio-loud objects from the Bright Quasar Survey (BQS,
Boroson & Green 1992, dashed black line); and 4 low-redshift,
radio-quiet BAL quasars from the BQS (dot dashed gray line).
Arrows indicate objects that have only limits on the ratio from
non-detection of either [O iii] or Fe ii. The limits are quoted at 3σ
confidence.
3.2 A composite optical spectrum
To compare visually the general optical properties of radio-
selected BAL quasars to other samples, we compute a
composite spectrum from our eight quasars. To do so, we
take the following steps: (1) Mask out pixels in the ob-
served wavelength ranges 1.51–1.59 µm and 2.03–2.16 µm
since these ranges cover the gaps between the J, H, and
K bands. (2) Use a cubic spline interpolation to place all
spectra on the same rest-frame wavelength scale. The scale
covers the range 3500-9000 A˚ in 3 A˚ bins. (3) Normalize the
5900-6000 A˚ average flux to unity. (4) For each wavelength
bin, median combine the normalized flux from all spectra
that have not been masked out at that wavelength.
The result of the compositing procedure is shown in
Figure 4. Two other composite spectra are also shown:
radio-loud quasars from the FBQS (Brotherton et al. 2001),
and a composite of BAL quasars from Boroson & Green
(1992) that have observed outflow velocities larger than
10,000 km s−1(as listed in Laor & Brandt 2002). For
this latter composite, we included the following quasars:
PG1700 + 518 (vmax = 31, 000 km s
−1), PG 2112 +
059 (vmax = 24, 000 km s
−1), PG 0043 + 039 (vmax =
19, 000 km s−1), PG1004 + 130 (vmax = 12, 000 km s
−1),
PG1001 + 054 (vmax = 10, 000 km s
−1). To compute this
composite, we use the same procedure as above except for
step three, where we used the 4500–4510 A˚ flux to normalize
the spectra. In addition, we have made measurements of the
optical properties of the all three composites using basically
the same specfit procedure as described above and listed
them in Tables 4 and 5 (the results of the fit are also shown
in Figure 4.
There were some differences in how the FBQS compos-
ite was fit that resulted from the strong [O iii] and weak Fe ii.
In addition to the two generally broad Gaussians, the fits to
the Hβ and Hα emission lines included a narrow Gaussian
to account for emission from the narrow-line region. This
contribution is not included in the presented fit measure-
ments. Additionally, the very strong λ5007 line required two
Gaussians to achieve a good fit. These are combined in the
presented fit measurements. In general for both the FBQS
and PG composites, the Fe ii template was not an excellent
fit so the errors may be underestimated as a result.
4 RESULTS AND DISCUSSION
4.1 Results
From our analysis of rest-frame optical spectra of radio-
selected BAL quasars, our main results are:
1. [O iii] emission is weak, while optical Fe ii emission is
strong. The optical spectra of radio-selected BAL quasars are
more similar to radio-quiet BAL quasars than RL quasars
(〈EW([O iii]])/EW(Fe ii)〉 ≈ 0.1 and 0.03, respectively).
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Figure 4. We show a composite optical spectrum of the eight IRTF/SpeX spectra of radio-selected BAL quasars (gray, solid histogram).
In the top panel of the figure, we overlay the results of our spectral fit [total fit (red), Balmer emission (yellow), Fe ii template emission
(green), [O iii] emission (blue), power law continuum (orange)]. In the bottom panel, we show for comparison the composite quasar
spectra of radio-loud quasars (blue) from the FIRST Bright Quasar Survey (Brotherton et al. 2001), as well as a composite of low-
redshift, radio-quiet BAL quasars from the Bright Quasar Survey (red Boroson & Green 1992). All composites have been scaled to unit
flux over the 5600–5680 A˚ wavelength range.
2. The physical properties of these quasars lie in the
ranges: 0.1 − 0.9LEdd, (0.4 − 2.6) × 10
9M⊙. We find that
radio-selected BALs are not predominantly super-accretors.
There are two important comparisons to make in or-
der to understand radio-selected BAL quasars and their
role in the greater scheme of things. How do radio-selected
BAL quasars compare to other BAL quasars? How do radio-
selected BAL quasars compare to other radio-loud objects?
Of particular interest is the finding from previous studies
(e.g., Becker et al. 2000) that radio-selected BAL quasars
appear to show a range of orientations. What does this mean
in terms of accretion physics? That is, do our objects add
any insight into the interpretation of the Boroson & Green
(1992) EV1? In the following subsections, we discuss these
two points in light of our results.
4.2 The nature of radio-selected BALS compared
to other quasars
The natural issue to consider given this sample is: How
should this sample of radio-selected BAL quasars be treated
in relation to other BAL quasars and radio-loud objects? Be-
cause orientation can only be estimated in radio-loud BAL
quasars at this time, the answer to this question has implica-
tions for the extension of such considerations to radio-quiet
BAL quasars.
Our results clearly show that the rest-frame optical
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properties of radio-selected BAL quasars are, essentially, in-
distinguishable from radio-quiet BAL quasars. Visually, this
is most striking from the comparison of composite spectra in
Fig. 4. [O iii] λ5007 emission is undetected, while optical Fe ii
emission is very strong. This result is illustrated by Figure 3
as well. By corollary, the optical properties of radio-selected
BAL quasars do not mimic those of radio-loud objects which
tend to have strong [O iii] λ5007 and weak Fe ii emission. As
noted earlier, DiPompeo et al. (2012) also showed that the
trends observed when comparing rest-frame spectral proper-
ties of BAL and non-BAL quasars persist whether the BALs
are radio-loud or radio-quiet. Though not conclusive, as a di-
rect radio-loud/radio-quiet comparison is lacking, this does
suggest that the findings here extend to other wavelengths.
The radio luminosity, spectral index, and observed
radio-loudness of our targets are summarized in Table 1.
Under the canonical loud/quiet divisions (e.g., Kellermann
et al. 1994, radio-loud: logR∗ > 1), all but two would be
considered radio-loud, though none fall into the class of
truly radio-powerful (logR∗ > 2) and large FR II sources,
though such sources do exist (e.g., Brotherton et al. 2002;
Gregg et al. 2000, 2006; Miller et al. 2009). Though radio-
selected, these BAL quasars tend to be considered radio-
intermediate, rather than truly radio-loud. Nevertheless,
the presence of radio emission is useful in gauging orien-
tation. As already pointed out by Becker et al. (2000), the
radio properties of these BAL quasars are consistent with
a range of jet orientations. This finding has been confirmed
for various other samples (Montenegro-Montes et al. 2008;
Fine et al. 2011), as well as that of DiPompeo et al. (2011,
2012) who find a range of but slight dependence on orien-
tation (at the largest viewing angles one is more likely to
see a BAL). Moreover the RL BAL sources presented in this
work have a very high fraction of compact radio sources un-
resolved in FIRST (about 90%) compared with the parent
population they were found within (about 60%), a fact dif-
ficult to reconcile without invoking parameters in addition
to viewing angle (such as age).
Should the results regarding the orientations of radio-
selected BAL quasars be applied to all BAL quasars, the
majority of which are truly radio-quiet? Our results from
looking at optical properties suggest the answer is yes,
as the radio-loud BAL quasars are more “BAL-like” than
“radio-loud-like”. While there have been suggestions in the
past (e.g., Murray et al. 1995; Ogle et al. 1999; Elvis 2000)
that BALs are seen in quasars at “large”, more edge-on
inclination angles, the evidence supporting this perspec-
tive is circumstantial, and contradictory to the radio prop-
erties of radio-selected BAL quasars (Shankar et al. 2008;
DiPompeo et al. 2011, 2012).
Of note, hoewever, is that our sample of radio-selected
BALs, like its parent sample from Becker et al. (2000), has
a higher fraction of LoBALs and FeLoBALs than high-
ionization BAL (HiBAL) quasars (see Table 2). There are
no indications from the optical as to why these fractions
would be different, either from the viewpoint of emission-line
strengths, emission-line ratios, or continuum shape. While
optical polarization is generally higher in FeLo/LoBALs
(e.g., DiPompeo et al. 2010, 2013), there appears to be
no correlation with polarization and radio properties that
would indicate FeLo/LoBALs are seen from the largest view-
ing angles. Our findings here indicate that study of the full
BAL subclass, from radio-quiet to radio-loud, should move
away from the simplest orientation-based explanations.
Whether or not differences in geometry or age exist,
differences in the radio properties of the BAL quasar pop-
ulation compared to other quasars clearly do exist given
that at the largest viewing angles BALs are more likely
to be observed (DiPompeo et al. 2012) and that the pres-
ence of BALs depends on radio power (Shankar et al. 2008;
Dai et al. 2012). Moreover the optical properties do not span
the full range seen in non-BAL quasars, no matter the radio
loudness, which we discuss in the next section.
4.3 Eigenvector 1 versus accretion rate:
BALQSOs and low [O iii]/Fe ii
A picture is emerging in which BAL quasars, including
radio-selected BAL quasars, display spectral properties at
the well-defined, extreme end of EV1, with weak [O iii] and
strong Fe ii (e.g., Boroson & Green 1992). In a sample se-
lected to have weak [O iii], Turnshek et al. (1997) found
a third of their objects had BALs, twice the normal 15%
(Gibson et al. 2009). At the opposite extreme of EV1 spec-
tral properties, BALs are simply not observed.
From Figure 2, the radio-selected BAL quasars in this
sample have bolometric luminosities in between those of the
Yuan & Wills (2003) sample and the low redshift (z < 0.5)
objects from the Palomar-Green catalog (Boroson & Green
1992) and z < 0.89 SDSS quasars from Shen et al. (2011).
Moreover the estimates of Eddington ratio are not indica-
tive of extreme accretion; only one object, Q1031 + 3953,
has an Eddington ratio larger than unity. This is curious
since EV1 for low-redshift objects appears to be correlated
strongly with Eddington ratio in the sense that objects with
strong Fe ii emission and weak [O iii] emission should be ac-
creting near the Eddington luminosity (Boroson 2002). Writ-
ten before many RL BALs had been discovered, that work
suggested that RL BALs should show extremely high Ed-
dington ratios. It is possible that EV1 behaves differently
at different redshifts. This would explain why the sample
of Boroson (2002), with redshifts of a few tenths or less,
shows a strong correlation between EV1 and Eddington ra-
tio that is not confirmed in higher redshift samples, namely
ours (z ∼ 0.7 − 2.4) and the Yuan & Wills (2003) sample
(z ∼ 2).
A clue to this mystery may be found in considering the
dominant parameters that define EV1. In terms of [O iii]
and Fe ii strength, our sample resembles radio-quiet BALs
which would have small/low values of EV1. The Boroson
(2002) EV1 also involves other parameters, including the
Hβ emission-line FWHM and formal radio-loudness. Our
objects only represent an extreme of [O iii] and the Fe ii
strengths, the dominant EV1 parameters, and not these
other properties.
Multiple physical drivers for EV1 have been put forth
in the literature. At low-redshift, using the Palomar-Green
sample with z < 0.5, Boroson & Green (1992) find that Ed-
dington ratio dominates the variation of optical properties,
and hence EV1, but at higher redshift this is not the case.
Since there is a common feature that [O iii] emission is weak
and Fe ii emission is strong in BAL quasars of any redshift,
Yuan & Wills (2003) suggest that the availability of cold
gas may be important in considering the relationship be-
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tween BAL quasars and EV1. The anti-correlation between
[O iii] and Fe ii emission may be a more fundamental rela-
tionship among quasars (i.e., at any redshift/luminosity).
However, the entirety of EV1 as defined by low-z objects
and its correlation with Eddington ratio might be secondary.
Further drivers include the suggestion that EV1 should be
correlated with the ratio of optical to mid-infrared emis-
sion, which is indicative of the amount of reprocessed op-
tical emission that should scale with the covering fraction
of dust. DiPompeo et al. (2013) finds an infrared excess in
radio-loud BAL quasars consistent with such a prediction.
Wills et al. (1999) found that some of the line ratios asso-
ciated with EV1 were diagnostic of gas density, and that
property may be involved as well. Our analysis, where we
find that RL BAL quasars exhibit spectral properties on the
extreme end of EV1 but not necessarily extremely high Ed-
dington ratios, rules out the Eddington fraction as a driver
of EV1, at least at high redshift. With such varied evidence,
it is clear that the physical driver of EV1 remains elusive.
5 CONCLUSIONS
We have observed the rest-frame optical properties of eight
radio-selected BAL quasars from Becker et al. (2000) using
the NASA IRTF/SpeX instrument. Using the specfit pack-
age, we have separated the power-law continuum, Fe ii emis-
sion, [O iii] emission, Hα and Hβ emission. Furthermore, we
have estimated the black hole masses and Eddington ratios
of these quasars. Radio-selected BAL quasars have similar
optical properties (weak [O iii], strong Fe ii) as radio-quiet
BAL quasars and are dissimilar to RL non-BAL quasars in
this sense. In short, RL BAL quasars are more “BAL-like”
than “RL-like”. As these objects are not extreme accretors,
we conclude that the properties defining EV1 at low redshift
may not be directly extrapolated to high redshift/luminosity
objects. The anti-correlation between [O iii] and Fe ii emis-
sion may be fundamental with BAL quasars lying at one
extreme, but this is not necessarily a result of Eddington
ratio.
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